To obtain physiological data on bolting in Chinese cabbage (Brassica rapa L. pekinensis Group), we conducted seed vernalization treatment using six cultivars of Chinese cabbage with different maturity times, and an experiment on spring cultivation using eight strains with different bolting properties. Soluble sugar content and peroxidase (POD) activity in seedlings in the vernalization plot that were in the flower bud differentiation stage were high in early-maturing cultivars followed by mid-season cultivars; nitrate reductase (NR) and catalase (CAT) activities were high in early-maturing cultivars compared to the control, which did not encounter low temperatures. A correlation was recognized between bolting (number of days from sowing to bud emersion) and the values of soluble sugar content and POD, NR, and CAT activities in strains with different bolting properties during the differentiation stage 15 days before bud emersion. These results show that soluble sugar content and POD, NR, and CAT activities in the flower bud differentiation stage in Chinese cabbage participate in flower bud differentiation, and it is considered that these properties are physiological indicators of bolting.
Introduction
Chinese cabbage (Brassica rapa L. pekinensis Group) is a seed-vernalization-responsive biennial plant which is generally cultivated in the fall from August to November when the temperature declines in Japan and China, but spring cultivation has developed in response to the demand for year-round supply; however, the low temperatures (0-13°C) acting on the germinating seeds and seedlings in early spring induce flower bud differentiation and can cause early bolting. To avoid the low temperatures of early spring, sowing time is delayed by using an early-maturing cultivar, raising seedlings in a hotbed, and cultivating in plastic tunnels (Guttormsen and Moe, 1985a; Zhang et al., 2008) . In addition, mostly low bolting cultivars are grown to overcome the premature bolting that occurs with cultivation in spring Honma, 1984a, 1984b; Yui et al., 2003; Zhao et al., 2005) ; however, premature bolting often occurs when these techniques are used in commercial production, seriously impacting production (Zheng et al., 1999) . To resolve this problem and reduce cultivation costs, the growing of cultivars with even lower bolting properties is expected (Zhao et al., 2005) .
There are major differences in bolting in Chinese cabbage depending on the cultivars (Hou et al., 2005; Hui et al., 2003 Hui et al., , 2004 Shinoharu, 1959; Yui et al., 2003; Zhang et al., 2008) , and physiological data regarding bolting are useful in cultivating and selecting cultivars with low bolting properties (Zhao et al., 2005) . Thus far, the temperature and time of vernalization Wiebea, 1984a, 1984b; Guttormsen and Moe, 1985b; Hou et al., 2005; Pressman and Negb, 1981) , the growth and development stage (Guttormsen and Moe, 1985a; Yui and Hida, 2002; Yui et al., 2003; Zhang et al., 2008) , the effect of soil nutrients and insolation Wiebea, 1984a, 1984b; Moe and Guttormsen, 1985; Pressman and Shaked, 1988; Yui and Yoshikawa, 1992) , and phytohormone content (Cheng et al., 1999) have been investigated with regard to bolting in Chinese cabbage. Although the activities of sugar and protein metabolism, peroxidase (POD), nitrate reductase (NR), and catalase (CAT) in some cruciferous plants, there were no reports of these physiological indicators in Chinese cabbage (Ling and Lin, 1993; Wang et al., 2004; Ye et al., 2000) . In this study, we conducted two experiments on seed vernalization and spring cultivation of strains with different bolting properties, investigated soluble sugar content as well as POD, NR, and CAT activities, and studied their correlation with bolting to gain an understanding of the physiology involved in the bolting of Chinese cabbage.
Materials and Methods

Seed vernalization treatment
In this experiment, conducted in Tianjin, China in 2008, we tested six cultivars of Chinese cabbage: three cylindrical cultivars , and three ovate cultivars .
Seeds were immersed in distilled water on February 8 and incubated at 25°C for 16 h. Seeds were then transferred to a refrigerator at 2-4°C in dark conditions, and vernalization was conducted for 20 days until the 28 th (vernalization plot). In the control plot (nonvernalization), seeds of each cultivar were immersed in distilled water on the 27 th for 16 h at 25°C. Seeds in the control and vernalization plots were sown on the 28 th at the same time and the seedlings were raised in a greenhouse at 15-30°C in nursery pots (5 cm diameter × 6.5 cm tall) containing a culture medium of 4 : 4.5 : 1.5 (v/v) soil, peat, and vermiculite plus fertilizer (15 g N : P 2 O 5 : K 2 O = 15 : 15 : 15 added to every 10 L culture medium). Day length during the raising of seedlings was maintained from 7 to 9 h using thermal insulation material. On April 14, 45 days after sowing, the leaves from five plants with five true leaves (leaves 1 to 5 counted from the bottom of the plant) from each cultivar were sampled and subjected to analyses of soluble sugar content and POD, NR, and CAT activities.
Spring cultivation of strains with different bolting
properties Four Chinese cabbage strains each of cylindrical (I-IV) and ovate (V-VIII) types with different bolting properties (number of days from sowing to bud emersion) were sown in a greenhouse on December 15, 2007, in Tianjin, China. They were transferred to a seedling plot (mini-greenhouse) the following year on January 23, and then on March 11, seedlings with five true leaves were transplanted to a plastic greenhouse. Nursery pots (5 cm diameter × 6.5 cm tall) contained a culture medium of 4 : 4.5 : 1.5 (v/v) soil, peat, and vermiculite plus fertilizer (15 g N : P 2 O 5 : K 2 O = 15 : 15 : 15 added to every 10 L culture medium). Eight kilograms of fertilizer was applied in the plastic greenhouse (1 a). The greenhouse and mini-greenhouse were maintained at a temperature of 5-23°C with 7-8 h day length using thermal insulation material, and the plastic greenhouse at 4-28°C with a natural day length. The plants were then observed daily for the appearance of flower buds, and leaves of five plants (leaves 4 to 7 counted from the bottom of the plant) from each strain were sampled and subjected to analysis of the physiological indicators every five days. A sample taken about 15 days prior to bud emersion for each strain was used for the analyses of soluble sugar content and POD, NR, and CAT activities.
In both experiments, the soluble sugar content was analyzed using the Anthrone Method (Li, 2000) . POD activity was measured by spectrophotometry using guaiacol (Zhao et al., 2003) , and NR activity was measured by spectrophotometry using reduced nicotinamide adenine dinucleotide (Li, 2000) . Generated oxygen was measured for CAT activity (Li and Matsui, 2001) . Thirty plants for each strain were used in the experiments, and ten plants from each strain were sampled to determine the soluble sugar content and the activities of the three enzymes.
Results
Seed vernalization treatment 1. Soluble sugar content
Soluble sugar contents in the vernalization-treated plants were higher than in the controls in early-maturing cultivars ('Chunlv No. 1' and 'Jinxia No. 1') and midseason cultivars ('Jinlv No. 60' and 'Jinqiu No. 606') , whereas no significant differences were observed in latematuring cultivars ('Jinqiu No. 80' and 'Jinqiu No. 707 ') ( Fig. 1) .
POD, NR, and CAT activities
POD activity was greater in early-maturing cultivars (both cylindrical and ovate) in the vernalization plot over the control, and no significant differences were observed in late-maturing cultivars. NR and CAT activities showed similar tendencies to POD activity, but activity was greater only for early-maturing cultivars in the vernalization plot over the control (Fig. 2) .
Spring cultivation of strains with different bolting properties 1. Bolting properties of different strains
Within the four strains each of the cylindrical and ovate cultivars used in this experiment, there was a difference in days to bolt of 15 days (cylindrical) and 11 days (ovate), respectively, between early bud emersion strains (high bolting property) and late bud emersion strains (Table 1) .
Soluble sugar content
The soluble sugar content was lower in late bud emersion strains in both cylindrical and ovate cultivars, and a correlation was observed between bolting and soluble sugar content (Fig. 3) .
POD, NR, and CAT activities
POD activity was lower in late bud emersion strains in both cylindrical and ovate cultivars, and a correlation was observed between bolting and POD activity. NR and CAT activities was higher in late bud emersion strains in both cultivars, and a correlation was observed between bolting and NR and CAT activities (Fig. 4 ).
Discussion
The vernalization of Chinese cabbage generally occurs in the temperature range 0-13°C and takes 10-20 days or more. In a study of six cultivars by Hui et al. (2004) , flower bud differentiation began about 35 days after sowing and flower buds were seen at about 58 days when seedlings were raised at 15-28°C after vernalization of seeds at 3-9°C for 20 days. In experiments conducted by Hou et al. (2005) and Hui et al. (2003) , in which seedlings were raised at 15-28°C after seed vernalization at 3-8°C for 20 days, it was reported that the required number of days from sowing to flower bud differentiation and bud emersion in very-early-, early-, late-maturing and low-bolting Chinese cabbage was 17-44 days and 27-73 days, respectively, and flower bud differentiation and bud emersion of late-maturing varieties were later than those of early-maturing varieties.
The seed vernalization treatment in this study was 2-4°C for 20 days and the seedlings were raised in a daytime temperature of 15-30°C. Based on the above results, we estimated that the sampled seedlings from the vernalization plot 45 days after sowing were at the flower bud differentiation stage. Further, in the experiment on spring cultivation of strains with different bolting properties, sampling took place 15 days before bud emersion in each strain and we estimated that the samples were at the flower bud differentiation stage.
Vernalization is known to further activate the physiological metabolism of sugars and proteins (Ling and Lin, 1993; Tan et al., 1981; Yong et al., 2003) , accumulate small molecular compounds such as sugars (Chouard, 1960) , and has the effect of promoting reproduction (Tan et al., 1981; Yong et al., 2003) . In this study, it was observed that soluble sugar content and POD activity in the seedlings in the vernalization plot that were in the flower bud differentiation stage, were high in early-maturing and mid-season cultivars, and NR and CAT activities were high in early-maturing cultivars compared to the control, which did not encounter low temperatures (Figs. 1 and 2) . This suggests that soluble sugar content and POD, NR, and CAT activities represent the vernalization of Chinese cabbage and, in fact, can serve as physiological indicators of bolting.
However, soluble sugar content and POD activity in the seedlings in the vernalization plot were high in earlymaturing cultivars followed by mid-season cultivars, and NR and CAT activities were high only in early-maturing cultivars compared to the control, but no significant differences were observed in these physiological properties in late-maturing cultivars (Figs. 1 and 2) . This corresponds with the earlier growth and development stages of flower bud differentiation and bud emersion in early-maturing cultivars and cultivars with high bolting (Hui et al., 2003 (Hui et al., , 2004 Hou et al., 2005; Zhang et al., 2008) . If soluble sugar content and POD, NR, and CAT activities are taken as the vernalization of Chinese cabbage and as physiological indicators of bolting, then the above suggests that it is preferable to measure late in the period of flower bud differentiation in latematuring cultivars and cultivars with low bolting. Further, in the experiment on spring cultivation of strains with different bolting properties, a correlation was observed between bolting and soluble sugar content, and between bolting and POD, NR, and CAT activities in the flower bud differentiation stage 15 days before bud emersion ( Figs. 3 and 4) , indicating that these properties are physiological indicators of bolting in Chinese cabbage.
The flower bud differentiation stage is the growth and development stage in which the pattern of growth changes with the parallel growth of nutrition and reproduction from vegetative growth, and the structure of physiological metabolism is markedly altered (Hui et al., 2003; Tan et al., 1981) . The accumulation of soluble sugar (Figs. 1 and 3) is needed in large volumes as a source of energy and a metabolic reactant, both during and after the flower bud differentiation stage (Wang et al., 2004) .
The physiological function of POD has not yet been clarified, but it is known to be involved in oxidation and reduction through H 2 O 2 , and the formation of cell walls (de Marco and Roubelakis-Angelakis, 1996; Li et al., 2004) . The low POD activity observed in the strain with low bolting in the flower bud differentiation stage (Figs. 2 and 4 ) suggests that the physiological metabolism level at that stage is lower than for early bolting cultivars.
NR greatly influences physiological metabolism and physiological phenomena as an essential enzyme that functions in nitrogen metabolism (Solomonson and Barber, 1990) . What possesses high NR activity in the flower bud differentiation stage (Figs. 2 and 4) in the Chinese cabbage cultivar with low bolting, is presumed to be what contributes to the control of the progress of flower bud differentiation. H 2 O 2 actively participates in cell differentiation while cell formation increases with strong physiological metabolism in plant cells (Potikha et al., 1999) . CAT plays an essential role in the elimination of H 2 O 2 in plant cells, and is much more effective in doing this than other H 2 O 2 eliminating enzymes, without relying on reduced compounds (Li et al., 2001a (Li et al., , 2001b . Chinese cabbage cultivars in the flower bud differentiation stage with high CAT activity and low bolting (Figs. 2 and 4 ) are thought to inhibit the progress of flower bud differentiation by controlling H 2 O 2 levels.
The participation of soluble sugar content and POD, NR, and CAT activities in the flower bud differentiation stage of Chinese cabbage is as shown above, and it is considered that they can be used as physiological indicators of bolting for the future cultivation of cultivars; however, it is better to measure these physiological properties in the later stage of flower bud differentiation in late-maturing cultivars and cultivars with low bolting.
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